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Accessing Mg-Ion Storage in V,PS,, via Combined Cationic-Anionic
Redox with Selective Bond Cleavage

Matthew A. Wright, T. Wesley Surta, Jae A. Evans, Jungwoo Lim, Hongil Jo,

Cara J. Hawkins, Mounib Bahri, Luke M. Daniels, Ruiyong Chen, Marco Zanella,
Luciana G. Chagas, James Cookson, Paul Collier, Giannantonio Cibin, Alan V. Chadwick,
Matthew S. Dyer, Nigel D. Browning, John B. Claridge, Laurence J. Hardwick, and

Matthew J. Rosseinsky*

Abstract: Magnesium batteries attract interest as alter-
native energy-storage devices because of elemental
abundance and potential for high energy density.
Development is limited by the absence of suitable
cathodes, associated with poor diffusion kinetics result-
ing from strong interactions between Mg’" and the host
structure. V,PS,, is reported as a positive electrode
material for rechargeable magnesium batteries. Cyclable
capacity of 100 mAhg™' is achieved with fast Mg”"
diffusion of 7.2x10 "-4x10"* cm?®s™". The fast insertion
mechanism results from combined cationic redox on the
V site and anionic redox on the (S,)* site; enabled by
reversible cleavage of S—S bonds, identified by X-ray
photoelectron and X-ray absorption spectroscopy. De-
tailed structural characterisation with maximum entropy
method analysis, supported by density functional theory
and projected density of states analysis, reveals that the
sulphur species involved in anion redox are not con-
nected to the transition metal centres, spatially separat-
ing the two redox processes. This facilitates fast and
reversible Mg insertion in which the nature of the redox
process depends on the cation insertion site, creating a
synergy between the occupancy of specific Mg sites and

the location of the electrons transferred. }

Introduction

Li-ion batteries are approaching their theoretical energy
densities."?! Performance limitations combined with scarcity
of lithium contrasts with the increasing demand for versatile
rechargeable batteries. As such, continued innovation in
energy storage technologies featuring a range of metals
beyond lithium is required. The high volumetric capacity of
magnesium (3833 mAhcm™) compared to that of lithium
(2046 mAhcm ) and sodium (1125 mAhcm ™) is a result of
the ionic bivalency and close ion-packing.”# In application,
near 100 % coulombic efficiency of magnesium plating/
stripping has been reported.” The high natural abundance
of magnesium vs. lithium (20,900 ppm vs. 20.0 ppm) and its
relatively low cost make magnesium battery technologies an
appealing alternative to lithium for potential applications in
grid-scale energy storage.””! While the intrinsic character-
istics of magnesium rank it as one of the most promising
metal anodes, there is a lack of suitable cathode materials.
This is due to kinetic limitations concerning Mg”" insertion
into cathode materials.'”! The study of host materials that
allows previously unknown Mg*" storage and intercalation
chemistries is critical to advance the development of positive
electrode materials for Mg-ion technology.

Despite the comparable ionic radii of Mg*" and Li*
(0.57 vs. 0.59 A),"! the higher charge density of the divalent
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Mg cation leads to increased electrostatic interactions with
the anion framework of the host structure. This is why many
lithium insertion materials are unsuitable for multivalent ion
insertion: V,0s,'? spinels and postspinels such as Ni,O, and
Mn,O,, 3 Ti0,,"™ olivine FePO,™ and VPO,F[ all
demonstrate poor intercalation kinetics for Mg?*.'*!"l The
higher polarizability of sulphur gives better kinetic perform-
ance for transition metal sulphides over oxides,'? and the
most prominent sulphide magnesium cathode is MoSg which
retains a reversible capacity of 70 mAhg™' with an average
discharge potential of 1.1 V over 2000 cycles.! Conversion-
type materials, such as CuS, NiS and CoS,g, offer large
capacities, >200 mAhg™', but suffer from significant struc-
tural and volumetric changes to the detriment of diffusion
rate and cyclability.***]

Anionic redox of (O,)>” species has been studied
extensively for next-generation cathode materials, however
sulphides attract greater interest as Mg®" insertion cathodes
because of higher reaction reversibility and enhanced
kinetics resulting from the lower chemical hardness of S*~
compared to O*~.2*4 Despite the lower operating potentials
vs. Mg*"/Mg of sulphides relative to oxides,” the multi-
electron processes facilitated through anionic redox of (S,)*
with simultaneous cationic redox can offer capacity
enhancement, !

TiS; and VS, have one-dimensional metal-sulphur
chains, bound by van der Waals (vdW) forces, containing
S-S bonds in (S,)*” units coordinated to the metal centres.
Both have been studied as magnesium cathodes.”**"
Combined cationic and anionic redox processes, accessed
via partially reversible cleavage of S—S bonds, yield second
cycle capacities of 105 mAhg™' (0.3 Mg*" per formula unit,
fu) and 150 mAhg™ (0.48 Mg?*/f.u.), in TiS; and VS,
respectively, with excellent rate performance. However, S—S
bond cleavage within the chains produces metastable phases
that undergo simultaneous and irreversible conversion-
reactions producing MgS, TiS, and V metal. Significant
capacity decay is observed within the first five cycles for
both TiS; and VS,

The structure of V,PS,, is also one-dimensional, but built
from phosphorous-containing [P,V,S,]. chains along the
[100] direction (Figure S1). These infinite chains are formed
from biprismatic bicapped [V,S;,] units containing [VSg]
environments that share a distorted rectangular face. Pairs
of chains are covalently connected by [P,S;] bitetrahedral
groups, in which a [PS,] unit from each chain is bridged by a
(S,)*” bond. These [P,Sg] units covalently connect the chains,
distinguishing V,PS,, from TiS; and VS; where only vdW
forces connect the chains. The bridging (S,)>” bond is not
the only disulphide in the structure of V,PS,,, as each [VS;]
unit is formed by three discrete (S,)* anions that are
coordinated directly to the metal centre, together with two
S*~ anions that also form the PS, unit.*”) Due to the presence
of the two chemically distinct and spatially separated types
of (S,)*" anion, the electrochemical activity of the S-S bond
that bridges the two P°* centres is expected to differ from
that of those coordinated to V. The oxidation states in
V,PS,, can be considered through the structural motif that
contains one of these bridging S-S bonds; V,'"P,>"

Angew. Chem. Int. Ed. 2024, e202400837 (2 of 10)
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(S,)* ;8% . Vanadium is V** and phosphorus is present as
P>". Fourteen sulphurs possess a formal oxidation state of
1—, forming seven disulphide bonds (S,)*” (six within the
chains and the one S;PS—SPS;) and six sulphurs, three
coordinated to each of the P3* centres, of formal oxidation
state 2—. A previous study showed that six Li* could be
inserted into V,PS,, giving a capacity of 355 mAhg™, for a
single discharge-charge cycle. A large overpotential was
observed during charging, and the mechanism of insertion
was not studied as the intercalated structure was not
investigated.™!

Results and Discussion

Bulk V,PS,, powder (Figure S2-S4) was synthesised from
the elements in stoichiometric quantities as described in the
Supporting Information. Small black needle-shaped crystals
(Figure S5) of V,PS,, were present in the powder which
were selected for single crystal X-ray diffraction (SCXRD)
(Table S1), and the structure of pristine V,PS;, agrees well
with that previously reported, shown in Figure 2c, e, and g.
High sample purities of 98 wt% are achieved for V,PS,,
bulk powders (Tables S2-S5). For electrochemical tests, the
as-made powder was further milled and sieved (Figure S6).

Electrochemical (de)insertion of Mg*" was performed
between 2.2 and 0.1V vs. Mg?*/Mg, in 0.5M Mg(TFSI),/
dimethoxyethane/l1-methoxy-2-propylamine (3.84:1, w/w)
(Figure S7, S9, Tables S6) with an OCV of 1.3V vs. Mg?*/
Mg. A first-discharge capacity of 180 mAhg™ (i.e., 1.6 Mg**/
V,PS,,) is obtained at a current density of 100 mA g™,
yielding an average potential of 0.8 V (Figure 1a). After this
initial discharge the capacity decreases to 100 mAhg™' (ie.,
0.85 Mg?*/V,PS,), which is maintained for the following
11 cycles with a capacity retention of 92 %. The load curve
for cycle 1 differs from subsequent cycles for which the
potential profile remains similar; with plateaus at 1.3V,
0.8V, 0.6 Vand 0.15V in agreement with peak positions in
cyclic voltammetry from cycle 2 onwards (Figure S10-S11).
There is little change in the potential profile upon charging
(Mg de-insertion) between cycle 1 and subsequent cycles.
Plateaus observed above 2.0V suggest some electrolyte
decomposition is occurring, accounting for the larger
capacity observed on charging. Above 2.0V we are
approaching the oxidative limit of the electrolyte (Fig-
ure S8), but remain within workable levels for cell
investigations.*!  Approximately 2/3 of the capacity is
obtained at 0.6 V, in early stages of the discharge process.
The final 1/3 of the capacity is obtained between 0.6 V and
0.1 V, where a plateau is observed at 0.15V. A range of
current densities between 20-200 mA g' were applied, yield-
ing higher second cycle capacities (170 mAhg' at 20 mA g™'
and 145 mAhg' at 50 mA g', Figure 1b—c).

Magnesium insertion diffusion was studied by means of
Potentiostatic Intermittent Titration Technique (PITT).
Diffusion coefficients were calculated from the long-time
region in which the current-time response follows the
Cottrell behaviour to remove the effect of surface rough-
ness; log(current) and time are proportional.*! The diffusion

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. a) Voltage profiles of cycles 1-12 for V,PS,, in 0.5 M Mg(TFSI), in dimethoxyethane/1-methoxypropyl-2-amine (3.84/1, w/w) at

100 mAg . b) Voltage profiles for V,PS,, for cycle 2 at current densities of 200, 100, 50 and 20 mAg™". ¢) Rate performance of V,PS,, for cycles
2-25 at current densities of 20, 50, 100 and 200 mAg™". d) Potentiostatic Intermittent Titration Technique of the discharge of V,PS,, to calculate the
Mg?* diffusion coefficients as a function of potential. €) Electron microscope images of Mg, 5;V,PS,, after discharging to 0.1V, left to right: TEM
image of a Mg, 5,V,PS;, needle-like crystallite, STEM image of a section of a Mg s5,V,PS,, crystallite, STEM-EDX false colour images of V, P, S and
Mg content in Mg, s;V,PS;,. Magnesium- and carbon-containing species, from electrode preparation, on the surface of Mg, s,V,PS, particles are

visible (Figure S13-14).

I above

coefficients in Mg,V,PS,, are ~107"-10""? cm’s~

0.8V and show a continuous decrease to 4x107"*cm’s™
below 0.8V towards the end of the discharge process
(Figure 1d), indicating Mg-content dependent insertion ki-
netics. This range is similar to that observed for MogSq
(10710 cm?*s™! between 1.4-1.0 V). Similarly to Li*
insertion,®! a large voltage hysteresis is observed between
discharge and charge processes, which we believe is not due
to mobility of the Mg in the material, but is inherent to the
S-S bond breaking that form part of the observed redox
processes. Though initial diffusion is relatively fast for Mg*"
(Figure 1d), the diffusion coefficient is three orders of
magnitude lower at maximum magnesiation, so the observed
hysteresis is a combination of these two effects. To under-
stand the storage mechanism of V,PS,,, Swagelok-type cells
with cathodes consisting of approximately 20 mg powder of
V,PS,y/carbon black (60/40, w/w, no binder) were used to
prepare samples of Mg, V,PS,, for ex situ diffraction, X-ray
photoelectron (XPS) and X-ray absorption (XAS) measure-
ments. Typically, a second discharge capacity of 61 mAhg™
(i.e., 0.51 Mg*"/V,PS,,) is achieved by 0.1 V (Figure S12).
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Elemental analysis by STEM-EDX confirms the insertion of
Mg** into bulk V,PS,, (Figure le, S13, S14; Table S7, S8),
yielding a Mg content of 0.4(2) Mg®/V,PS,, in close agree-
ment with the expected Mg content from the measured
capacity. Ex situ synchrotron X-ray diffraction (SXRD)
analysis was performed on Mg,V,PS;, (0<x<0.51) prepared
at various potentials during discharge: 0.8 V (x=0.17); 0.6 V
(x=0.28); 0.4V (x=0.35); 0.2V (x=0.41), 0.1 V (x=0.51);
and recharging to 2.2 V (x=0.00).

Analysis of SXRD data for Mg,s, V,PS;, (discharged to
0.1 V vs. Mg>*/Mg) indicates the structural symmetry (P2,/c)
and framework of V,PS,; is retained for cycled Mg, V,PS,.
Fourier difference analysis reveals three separate regions of
electron density as suitable positions for Mg®* within the
unit cell (Figure S15-S16). Magnesium was placed on each
of these three sites in turn, with an initial site occupancy of
0.5 (equating to Mg,,sV,PS,,) before refining atomic posi-
tions followed by occupancies. The proximity of Mg sites to
V, P and S was restrained using a penalty function during
final refinement, and the B;, value for each Mg site was
constrained to be equal. The refined occupancies of the

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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three Mg sites in Mg, s, V,PS;, were 0.425(16), 0.252(15) and
0.188(13), giving a total of 0.43(2) Mg®>*/V,PS,,, in good
agreement with the above-discussed electrochemical and
elemental analysis data. Identification of discrete Mg
insertion sites by modelling against bulk SXRD data
confirms homogeneous distribution of Mg; exclusion of any
one of these sites from the Rietveld model decreases the
quality of the fit to the experimental data. Additionally,
Raman spectroscopy shows no indication of the formation
of nano-scale or amorphous species or elemental sulphur
(Figure S17), suggesting that Mg, V,PS;, (0<x<0.51) oper-
ates via an insertion mechanism between OCV and 0.1 V vs.
Mg*"/Mg.

All three Mg sites are tetrahedrally coordinated by S*
or S'~ (Figure 2f, h), with an average Mg—S bond length of
2.5(3) A (range of 2.04-2.91 A) and an average tetrahedral
volume of 6.2(6) A® (Figure S18-S19; Table S9, S10). Sul-
phide materials containing tetrahedrally coordinated MgS,
units involving S*~ only, such as Mg,MosSs,>! MgCr,S,*"!
and MgALS,,* have average Mg—S distances of 2.39(16) A
and average tetrahedral volumes of 6.5(6) A°.

Location of the three refined Mg positions is further
confirmed by maximum entropy method (MEM), which
generates the electron density distribution ab initio from
observed diffraction data.! Analysis was performed on
both V,PS,, and Mg,5,V,PS,, to visualize the change in
charge density upon reduction of the host structure, and the
resulting MEM maps show distinct regions of electron
density attributed to Mg in the same tetrahedral environ-
ments identified via Fourier difference analysis and con-
firmed by Rietveld refinement (Figure 3a).

Considering the structural motif V,P,(S,)*;S*, inser-
tion of 0.51 Mg*" into V,PS,, would yield Mg, ,V,*"P,’"
(S,)*S*"s where one S-S bond is cleaved, reducing (S,)*” to
28*". MEM analysis reveals a change in the electronic
structure of the bridging S(15)-S(20) disulphide bond
between PS, units (Figure 3b-c). At the midway point along
the vector S(15)—S(20), the electron density is 0.50 e"A~> in
V,PS,,, which decreases to 0.21 ¢"A~* in Mg, 5, V,PS,, in
which electron density is more localized on the sulphur
positions (Figure S20). Refinement of the S(15) and S(20)
atomic positions reveals that these sites shift significantly
from their original positions during formation of
MgO,IVzPSIO Typical disulphide distances range from ~1.9-
218 A with an ideal bond length of 2.05 A% This
S(15)-S(20) inter-atomic distance increases by 0.32 A
(152%) from 2.081(17) A in V,PS,, to 2.397(13) A in
Mg, s, V,PS;y (Figure 2c—d, Table S11), suggesting that the
bridging disulphide bond in the [P,Sg] bitetrahedral unit of
V,PS,, is broken as a result of Mg insertion. This reduces
(S,)* to 28% and creates space for Mg insertion sites
between the columns of VS; polyhedra originally connected
by the S;PS—SPS; bond.

Mg(1) and Mg(2) occupy positions at each end of the
cleaved S-S bond in the space between chains originally
bridged via the [P,Sg] units. Mg(1) forms bonds to two
separate reduced S(15)> from two different bridging
bitetrahedral [P,S;] groups; as such two (S,)*” bonds must be
broken from two different [P,V,S,]. chains to create this

Angew. Chem. Int. Ed. 2024, e202400837 (4 of 10)
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site (Figure S18-S19). Mg(1) also coordinates to two S'~
from the V-S chains. Mg(2) is coordinated to a reduced
S(20)*" that had previously been bonded to S(15)*"; only
one (S,)*” bond is broken to create this site. Mg(2) also
coordinates to two S'~ and a S~ (coordinated to both V and
P) from the V—S chains. Unlike Mg(1) or Mg(2), Mg(3) does
not interact with either S(15) or S(20) species, as it is located
within the vdW gap between the pairs of [P,V,S,].. infinite
chains that are connected by the S;PS—SPS; bond in pristine
V,PS,,. Mg(3) shares one edge and one corner with a VSg
polyhedron, forming bonds with three S'~ and one of the
original S>~ bound to P i.e., the mean valence of sulphur
coordinating Mg(3) is less negative than for sulphur
coordinating Mg(1) or Mg(2).

The cleavage of the bridging S—S bond between P°* is
supported by a decrease in the P(1)-S(15) and P(2)-S(20)
bond lengths of 0.025(15) A and PS, tetrahedral volumes
from 4.58 A3 to 4.39 A’ as a result of the increase in formal
negative charge on S(15) and S(20) (Table S11-S13). The
distance between P(1) and P(2) increases from 4.39(1) A to
4.56(1) A.

The structural model for Mg,s5V,PS;, was used as a
starting model for refinement against SXRD data for other
ex situ samples (Figure S21, Tables S14-S19). Refinement of
Mg site occupancies shows increasing Mg content in
Mg, V,PS,, for decreasing potentials. For all compositions,
the site occupancies (Figure 4g) follow the trend of Mg(1) >
Mg(2) >Mg(3). Mg(1) and Mg(2) are preferentially occu-
pied through reduction of bridging (S,)*>” bonds forming S*-
that coordinate to these sites (favouring electron transfer
from V to S to maximise the number of possible S*~ sites,
with Mg(1) and Mg(2) both coordinated to two S'~ and two
S*7). Mg(3) is coordinated to three S'" and only one S*,
which does not need to be created by S redox, with the
higher coordination to S'~ making this site less favourable
than the other two. The interatomic distance between S(15)
and S(20) increases from 2.081(17) A in V,PS,, to 2.21(4) A
in Mg VoPSyy (0.8V), and reaches a maximum at
240(3) A in Mg 362 V2PSyy  (0.4V), suggesting that
S;PS-SPS; bond cleavage occurs early in the discharge
process, before levelling off at potentials below 0.4V, as
seen in Figure 4f and S17 (Table S20, Figure S22). None of
the Mg sites observed through ex situ structural analysis are
fully occupied. It is likely that the higher capacities recorded
for non-ex situ cells are a result of greater occupancy across
all three magnesium sites due to the difference in cell
preparation.

The other (S,)* bond lengths in Mg, s;V,PS,,, those that
are coordinated to V, remain below 2.11(13) A, with an
average change of 0.5% and a maximum increase of 0.10 A
compared to V,PS,, (Table S21), consistent with localised
cleavage solely of the S;PS—SPS; bonds upon Mg insertion.
The inter-chain distances for the bridged layer and the vdW
layer increase from 6.529(10) A and 6.229(10) A to a
maximum of 6.76(4) A and 6.60(11) A, respectively, for
Mg, 5sV,PS,, (0.4 V), before decreasing to 6.479(10) A and
6.396 A in Mgy, V,PS,, (0.1 V). There are only very minor
changes observed in the vanadium sulphide framework over
the course of discharge; no [VSg] polyhedron changes its

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. a) Rietveld refinement of SXRD data for Mg, 5;V,PSyo (R.,=1.46%). b) V is coordinated to six S'~ (three (S,)*~ dimers) and two S*
species in V,PS,,. Successive V polyhedra share edges with PS, tetrahedra, with one P-bound S*~ bridging the two V centres. The polyhedra share
faces to form [P,V,Sy]., chains parallel to the [100] direction. c)-d) Environment of the PS, tetrahedra in V,PS;, and Mgg 43, V,PSo, showing the
increased distance between S(15) and S(20) upon Mg insertion. Unit cells of V,PS,, and Mg s5,V,PS,, projected along the e)—f) a-axes and

g)-h) b-axes with vdW layers (empty in parent: location of Mg(3) in inserted material) and bridged layers (S;PS—SPS; bond shown in parent;
location of Mg(1) and Mg(2) between chains shown in inserted material where S—S bond is broken).

average V—S bond length, outside of error, for 0.0 <x<0.51;
the overall average V—S bond length is 2.44(13) A in V,PS,,,
24(2) A in Mgy xV,PS,, (04V), and 2.44(14) A in
Mg, 5, V,PS; (Table S22).

Angew. Chem. Int. Ed. 2024, e202400837 (5 of 10)

The strain induced upon insertion of Mg is absorbed by
changes in inter-chain distances and cleavage of the S-S
bond bridging the two PS, tetrahedra. As such, the unit cell
volume of Mg,sV,PS,, increases only slightly (0.02%)
compared to V,PS,,, from 2203.247(8) A® to 2203.69(3) A°.

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. a) Electron density isosurfaces calculated from MEM for each of the three Mg sites present in Mg, 5;V,PS,, are shown in red. b)—c) 2D
contour plots showing the electron density map of b) V,PS,, and ¢) Mgy 5,V,PS,, along the S(15)—S(20) vector between the atoms forming the S—S
bond that connects PS, units in V,PS;,. The electron density quoted for each bond is determined from the voxel calculated as being at the midpoint

of the vector S(15)—S(20).
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for each sulphur species: (S;)* and S*". The sum of orbital contributions is shown as the gold envelope relative to the observed data (black line).
b)—e). Normalised S K-edge XANES data measured in fluorescence and V K-edge XANES data measured in transmission for Mg,V,PS,,. b) overlaid
S K-edges for V,PS,,, Mgys,V,PSy (discharged to 0.1 V) and Mg,V,PS,, (x=0) re-charged to 2.2 V; c) stacked S K-edges for Mg,V,PS,,. d) overlaid V
K-edges for V,PS,o, Mgy 5;V,PS, (discharged to 0.1 V) and Mg,V,PS,, (x=0) re-charged to 2.2 V showing a change in edge position; e) stacked V K-
edges for Mg,V,PS,,. f)-g) Oxidation states of vanadium and sulphur and refined Mg site occupancies are given as a function of measured
discharge capacity (bottom x-axis, in mAh g™'), with corresponding expected Mg content (x(Mg) in Mg,V,PS,, (top x-axis)). The yellow-blue
background indicates the dominant redox mechanism at difference capacities of magnesium insertion. f) a plot of vanadium (left y-axis, blue dots)
and sulphur (right y-axis, yellow dots) oxidation states taken from K-edge XAS by extrapolation from standard measurements of V**,0,, V**,0,,
V**,05 and FeS, FeS,. g) Refined Mg(1), Mg(2), and Mg(3) and total Mg occupancies within Mg,V,PS,, (per formula unit, considering Wyckoff
position and site multiplicity within the unit cell). The expected Mg content from the measured electrochemical capacity is given by the dashed

black line.

This increase is comparable with other zero-strain cathode
materials reported in the literature, such as Mg/ Zr,S,
(0<x<1) which displayed a 0.03 % unit cell expansion for
x=0.7."" The low volumetric strain observed upon insertion
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of magnesium in V,PS,, may explain the fast diffusion
kinetics observed for V,PS,, (Figure 1c).

Upon re-charging from 0.1 to 2.2 V, refinement shows
that magnesium is de-intercalated from Mg,s, V,PS,,, re-
forming V,PS,, The total refined magnesium occupancy for
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all states of discharge is in close agreement with the
expected magnesium content calculated from the electro-
chemical capacity (Table S19). Additionally, the S(15)—S(20)
distance decreases to 2.09(4) A (within error of the starting
material V,PS,y) indicating that bond-cleavage is reversible,
and the bridging S-S reforms upon removal of Mg”".

Spectroscopic methods were used to further examine the
changes in electronic structure upon Mg insertion. S 2p X-
ray photoelectron spectroscopy (XPS) measurements of
V,PS,, contains signals for both S*~ and (S,)*” environments.
Binding energies observed here are comparable to those
observed for S*~ in PS,-containing materials® and (S,)*” in
VS,, NaV$, and K;VS,* With increasing Mg content, the
signal intensity of S*~ increases while that of (S,)*" steadily
decreases (Figure 4a). These observations support the anal-
ysis of SXRD data and indicate cleavage of (S,)*~ dimers
within Mg, V,PS,,, and the resulting (S,)*/S*" reduction
during discharge. For all samples apart from V,PS,, there is
a broadening of peak profiles and a shift to lower binding
energies, suggesting that for any cycled sample a distribution
of S redox states and S—V and S—P bond lengths exists. The
reversibility of S-S cleavage, as indicated via ex situ
diffraction analysis, is confirmed by the return of intensity to
the (S,)* signal upon extraction of Mg. P°* is confirmed to
be redox inactive between 2.2-0.1 V (Figure S23).

X-ray Absorption Near-Edge Spectroscopy (XANES)
measurements of S and V K-edges were used to monitor
changes in oxidation state of bulk Mg,V,PS,, at various
stages of electrochemical cycling (Figure S24).5! Reversible
redox was observed on both the sulphur and vanadium sites
from pristine V,PS;, to fully discharged Mg, 5, V,PS;, (0.1 V),
and to re-charged Mg,V,PS;, (2.2 V).

There is a change in S oxidation state observed by
XANES upon discharge, similar to the changes observed in
sulphur 2p XPS measurements. S K-edge features arise from
electronic excitations from the S 1s to S 3p/V 3d antibonding
orbitals. As a result, S XANES gives information on the
oxidation state of S.*”! The S edge decreases in energy from
2470.350 eV for V,PS,, (average S oxidation of —1.3) to
2470.084 eV for Mg,,,V,PS,, (formed at 04V with an
average S oxidation of —1.4); corresponding to the cleavage
of one S-S bond, in agreement with structural analysis,
confirming that S(15)-S(20) bond breakage occurs early in
the discharge process. The S oxidation state is maintained at
2470.028 eV for Mg, 5 V,PS,, (Figure 4b—c). Upon charging,
the edge profile and edge energy return to close to those of
V,PS,, (2470.280 €V), indicating that 2S*" is oxidized to
(S,)* and reversible anionic redox is achieved on the
sulphur site.

The V K-edge XANES shows a shift in edge position
from 5470.85 eV for V,PS,, to 5472.15 eV for Mg,;5V,PS,,
(0.4 V). Additionally, over this same range a pre-edge peak
forms at 5468.1 eV and increases in intensity, with increasing
Mg content, relative to the height of the main absorption
edge (Figure 4e—g). These observations are indicative of
oxidation of V** towards V°*, with the formation of the pre-
edge feature indicative of dipole-forbidden 1s to 3d
electronic excitations resulting from changes in local
symmetry, as observed for K;VS, and Cu;VS,.***% Further
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discharge from Mg, V,PS;, to Mg,5V,PS;; (0.2 V to 0.1 V)
reverses the trend and results in V reduction from V°*
towards V**. This is observed by a shift in edge position
from 5471.2 eV to 5471.1 eV and the concurrent decrease in
intensity of the pre-edge feature.

The site occupancies at various discharge states are
shown in Figure 4g, which agrees with the plateaus observed
at different potentials during electrochemical cycling. By
0.4V, insertion of 0.35 Mg at sites Mg(1) and Mg(2)
breaks the bridging S—S bonds between S(15) and S(20),
reducing (S,)*” to 28>~ and oxidising V** towards V>*.14]
This creates new S*  that coordinate to intercalated
magnesium at both sites, connecting the [P,V,S,].. chains via
new S—Mg—S bonds in place of the broken S;PS—SPS; bond.
Density functional theory (DFT) calculations probed the
effect of Mg occupation of each of the three experimentally
observed insertion sites. Separate models were created with
a single Mg atom per experimental unit cell (MgV,sPsSq,) at
each of the three experimentally observed Mg sites, Mg(1),
Mg(2) and Mg(3). This results in separate DFT models each
with the composition Mg, ;,5V,PS,, as well as pristine V,PS,,.
Figure 5a shows that both V 3d and S 3p states are present
at the top of the valence band in pristine V,PS,, (Fig-
ure S25).

The DFT optimised model for insertion of one Mg”"
onto one Mg(1) site in a unit cell, with composition of
Mg(1)g.125sV,PS,y, requires two (S,)*~ bonds being broken
(Figure S26a, b), reducing two (S,)*” to four S* anions.
Isolated unoccupied V d states observed in the pDOS
(Figure 5b), shown by the black circle, indicate an increase
in the V oxidation state when Mg(1) site is occupied. This is
confirmed by a decrease in magnetic moments for four V
sites, consistent with V**/V°* oxidation (Figure $27-30).
This aligns with the experimentally observed V oxidation
during early discharge despite the introduction of Mg
(Figure 4). Extra electrons beyond the two per Mg are
provided by creating the two S(15)>" anions through
cleavage of two different S—S bonds per Mg(1) site. These
electrons are transferred from V to S, creating the observed
empty V 3d states in the gap.

The DFT optimised model for Mg(2) shows coordination
to one reduced S(15)* and one S(20)* that originate from
the same S;PS—SPS; bond, in contrast to the redox-formed
S*” anions that coordinate to the Mg(1) site. Insertion onto
the Mg(2) site requires only one (S,)*” bond to be broken
(Figure S26b), and therefore involves no transfer of elec-
trons from V: the two electrons from Mg are sufficient.
Accordingly, no isolated V d states are formed above the
Fermi level (Figure 5d, S31-32), and there are no significant
changes in the magnetic moments of the V states (Fig-
ure S32).

The Mg(3) site is located within the vdW layers between
the originally S;PS—SPS; connected double-chains of V,P,S,,
and away from the bridging S(15)-S(20) bonds that are
broken when Mg(1) and Mg(2) are occupied. Insertion onto
Mg(3) does not result in any S(15)-S(20) bond breaking in
the DFT optimised model (Figure S33-34). Instead, charge
compensation of Mg>* insertion at Mg(3) is achieved by
reduction of V as evidenced by two new occupied V d states
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Figure 5. a) shows the projected density of states (pDOS) for V,PS,, with V 3d states shown in blue and sulfur 3p states shown in yellow. b) shows
the pDOS for Mg(1)¢.125V,PS1o Where one Mg is inserted into site Mg(1), showing empty isolated V d (black circle) states between the valence and
conduction bands. c) shows the pDOS for Mg(2),5V,PS,o where one Mg is inserted into site Mg(2) showing no isolated empty V d states.

d) shows the pDOS for Mg(3).1,5V,PS1o where one Mg is inserted into site Mg(3), showing the formation of new occupied V d states (black arrow)

in the valence band.

between the valence and conduction bands (Figure 5d, black
arrow) and an increase in the magnetic moments of two of
the V (Figure S35). In common with the other two sites in
the DFT calculations, and aligned with the experimentally
refined structures, there is no breaking of the S—S bonds in
the (S,)*" anions that are coordinated to V, suggesting that
cleavage of the chain-bridging S;PS—SPS; bond is energeti-
cally more favourable than cleavage of the (S,)> bonds
within the [VS;] chains.

These results align with experimentally observed
XANES data (Figure 4f, g) in which the introduction of
Mg(1) and Mg(2) by S reduction drives V oxidation to
maximise S*~ bonding to the introduced Mg in a synergic
way. Insertion of Mg(3) in the vdW layer involves re-
reduction of vanadium from V' to V*f, without breaking
any S—S bonds, but resupplying to V the electrons originally
used to break S—S bonds to create the Mg(1) site early in
the insertion process. Overall, oxidation of V upon insertion
into the Mg(1) site is counter-balanced by reduction of V
upon insertion onto the Mg(3) site, resulting in a final V
oxidation state of +4.1, very close to that of V,PS,, (+4.0).
This is consistent with the minimal structural perturbation
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and lattice strain, as well as the fast kinetics of Mg**
insertion.

Conclusion

V,PS,, is a cathode for rechargeable magnesium batteries
capable of reversible insertion of Mg?*, with a capacity of
100 mAhg' maintained for 10cycles at 100mAg. It
displays fast diffusion kinetics at the initial stages of Mg”"
insertion that are comparable with state-of-the-art MogSg,
and is a zero-strain cathode over this potential and capacity
range.

Detailed structural characterisation by SXRD and MEM
demonstrate an insertion-type mechanism involving occupa-
tion of three separate Mg sites within Mg V,PS,,. A
mechanistic investigation by XANES and DFT calculations
reveals the synergic involvement of anionic and cationic
redox centres over the course of electrochemical cycling.
The Mg coordination chemistry at each of the three
insertion sites controls the nature of the species (anion or
cation) involved in the electron transfer. In the early stages
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of discharge, two Mg”" insertion sites are created between
chains of V,PS;, by reversible reduction of bridging (S,)*"
bonds that are spatially separate from V, facilitated by
additional electron transfer from V to break sufficient bonds
to create the required S -based coordination environments
for Mg?". In later stages of discharge, below 0.4 V, further
Mg”" insertion onto a third site that occupies space between
the vdW layers does not drive S—S bond breaking, and
transfers electrons back to those V sites that were oxidised
earlier in the insertion process, reducing V°* to V**.

Mg?" insertion results in redox both at the V metal
centres and through cleavage of the (S,)* units that bridge
separate chains of V,PS,, rather than those within the
chains. This creates synergy between the occupancy of
specific Mg sites, their sulphur coordination and the spatial
location of the electrons that they transfer to the host.
Spatial separation of the cationic and bond-specific anionic
redox enables V,PS,, to operate purely via an insertion
process, unlike VS, and TiS;, demonstrating a cooperative
mechanism that enables reversible electrochemical redox
behaviour. Bond-specific anion redox may be considered in
materials design of future positive electrode materials for
Mg-cells.*!
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www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/
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